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Edited by Stuart FergusonAbstract Kinetics of copper uptake in both oxidation states by
the folded and unfolded forms of the type 1 copper protein rus-
ticyanin have been studied. The speed of the binding of copper(I)
to the folded rusticyanin is fast, and of the same order of magni-
tude as copper(I) uptake by the unfolded form. Thus, the binding
of copper can be subsequent to the protein folding, contrary to
previous proposals. Implications for the mechanism of the forma-
tion of the active holoprotein in vivo are discussed.
 2005 Federation of European Biochemical Societies. Published
by Elsevier B.V. All rights reserved.
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Protein folding is nowadays one of the crucial issues in bio-
chemical sciences [1]. One third of proteins require cofactors
for their biological function [2]. Among them, metalloproteins
are the most abundant. Metals are not only essential in protein
function, but also for stability. However, whether or not metal
ions are determinants in protein folding and its kinetics is a
matter of debate [3–6]. In fact, many unfolded proteins bind
cofactors in vitro [7–10]. This could suggest that this binding
would precede protein folding. In some metalloproteins, such
order of events has been shown to accelerate this process
[8,11–13]. In these systems, the presence of the cofactor can
also be essential in vivo.
Blue or type 1 copper proteins are small (10–20 kDa), b-bar-
rel proteins implicated in numerous electron transfer processes
[14–16]. While copper coordination in folded blue copper pro-
teins is standard in copper(I) complexes, the same coordina-
tion is strained in the oxidized state. The copper(II) is found
in a so-called entatic state [17]. The unfolded forms of these
proteins also bind copper [10,18–20]. It has been shown that
the speed of folding of the bacterial cupredoxin azurin is inde-
pendent of the presence of the metal ion [21]. It has also been
demonstrated that the binding of copper(II) to the unfolded
azurin is much faster (4000-fold) than to the folded protein
[18,19]. Consistent with these data, binding of copper to azurin
should occur before protein folding. Thus it has been proposed
that the formation of the active form (holoprotein) follows two
consecutive steps, according to the order: (1) the copper up-
take; (2) the holoprotein folding [6]. It has been also suggested
that this mechanism is followed in vivo [9], since the opposite
sequence of events is much slower.*Corresponding author. Fax: +34 96 665 8758.
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discussed. In fact, copper(II) is not present in the cell. On the
contrary, copper(I) is found in the cell in a milieu capable of
chelating and maintaining this oxidation state [22,23]. Thus,
in order to establish conclusions, kinetic experiments with
the reduced state of the copper ion have to be performed.
The dissociation constant of the unfolded azurin for copper(II)
is 0.3 nM [6], i.e., orders of magnitude larger than that neces-
sary for copper uptake in cellular conditions. In contrast, the
aﬃnity of the folded protein by copper(I) (KD = 0.033 fM
[6]) is strong enough for this purpose.
We present here a kinetic study of the copper uptake by the
blue copper protein rusticyanin. Rusticyanin is the most abun-
dant protein from the Gram negative bacterium Acidithiobacil-
lus ferrooxidans (Af), and, among other singular features, is
very stable at low pH values [24,25]. We have investigated
the kinetics of the binding of both oxidized and reduced cop-
per to the folded and unfolded forms of rusticyanin.2. Material and methods
Rusticyanin was obtained from BL21(DE3) Escherichia coli contain-
ing the rusticyanin plasmid [25]. The bacteria cultures were performed
in M9 media appropriately modiﬁed [26]. The samples (aporusticya-
nin) were prepared as previously described [26]. They were incubated
with ethylenedyaminetetraacetic acid for 1 h and dialyzed several times
against buﬀer to eliminate any possible excess of the chelating agent.
The conditions for all experiments were acetate buﬀer 0.5 M, pH 5.5,
296 K. The unfolded forms were reached by adding a 6.0 M guanidi-
nium chloride (GdmCl) concentration. All solutions were bubbled with
nitrogen gas for 30 min. The copper(I) solutions were dissolved in
water by adding small aliquots of HCl. Then, the corresponding exper-
iments were immediately performed.
Kinetic experiments were carried out on a p-Star 180 stopped-ﬂow
spectrophotometer from Applied Photophysics (Leatherhead, UK).
A solution containing the apoprotein ([10–14] · 106 M) in whatever
form (folded or unfolded) was mixed using stopped-ﬂow techniques
with another solution containing the copper solutions (in both the re-
duced and oxidized species) to get a 1:1 copper:protein ratio.3. Results
Copper(II) uptake by the folded protein is easy to follow by
visible spectroscopy due to the characteristic ligand to metal
charge transfer band of the blue copper proteins at ca.
600 nm (Fig. 1A). Copper(II) binding to the unfolded protein,
as well as copper(I) binding by whatever forms of rusticyanin
(or type 1 copper proteins, in general), is not so obvious to de-
tect spectroscopically since its charge transfer bands are close
to 280 nm [27,28], i.e., overlapped with the intrinsic absorbanceblished by Elsevier B.V. All rights reserved.
Fig. 1. Absorption bands of the apo and metalled forms of rusticyanin: (A) copper(II), folded rusticyanin (inset corresponds to a vertical expansion
of the visible region); (B) copper(I), folded rusticyanin; (C) copper(II), unfolded rusticyanin; and, (D) copper(I), unfolded rusticyanin. In all cases, the
band with the lowest absorbance corresponds to the apoprotein, while the highest absorption band corresponds to the metalled species (rusticyanin
[10–14] · 106 M, acetate buﬀer 0.5 M, pH 5.5). In C and D, the guanidinium chloride concentration was 6 M.
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pH values. Thus, the interaction between the reduced copper
and the proteins can only be carried out if the protein is stable
in such conditions, as applies to rusticyanin. Both facts have
typically prevented this kind of studies with copper(I) and/or
unfolded blue copper proteins. Nevertheless, subtle but clear
diﬀerences are observed between the apoforms of rusticyanin
and the corresponding metallo-proteins (Fig. 1B–D). The cop-
per–sulfur charge transfer bands slightly change from one spe-
cies to other, the maximum diﬀerences in the absorbances
being at ca. 260 nm for the three cases.
The results of the kinetics experiments are displayed in
Fig. 2. As observed, copper(II) binding by the folded rusticya-
nin is much slower (three orders of magnitude) than the same
process in the other three cases.
These data were ﬁtted to two diﬀerent mechanisms:
CuþRc!k1 CuRc ð1Þ
CuþRc!k1 Cu   Rc!k2 CuRc ð2Þ
The data corresponding to uptake of copper(I) by the folded
form ﬁtted to the ﬁrst (one step) mechanism. In contrast, the
data corresponding to the other three systems could only be ﬁt-
ted to the second one (two steps). In Table 1, the parameters
obtained from the ﬁttings are given.4. Discussion
The present results have immediate consequences. First,
these data are essentially concordant with those previously
reported for azurin [18,19]. Copper(II) uptake by the un-
folded rusticyanin is much faster than by the folded form.
However, while the present study has been carried out withboth the oxidized and reduced states, azurin data presented
in the bibliography are only referred to copper(II) [6]. Cop-
per uptake (in whatever oxidation state) by the unfolded
rusticyanin is fast, as previously shown for the oxidized azu-
rin [18,19]. Interestingly, copper(I) uptake is fast, even when
rusticyanin is folded.
On the other hand, the formation of the active (folded, holo)
protein is very slow (of the order of hours, see Table 1) when
the folded protein binds copper(II), concordant with data re-
ported for azurin. Most importantly, the formation of the ac-
tive rusticyanin is fast when the copper is reduced. In other
words, the speed of the formation of the active protein is not
limited by the sequence of the events (copper uptake, protein
folding), but by the oxidation state of the metal ion. Here,
we show that the speed of copper(I) binding by the folded
and unfolded forms of rusticyanin is similar.
The oxidized copper requires an intermediate species to bind
to the folded rusticyanin. This was also observed in azurin [29].
In this system, the authors attributed the ﬁrst (exothermic)
process to a dehydration process of the CuðH2OÞ2þ5 species.
In a second (endothermic) step, copper(II) binds to the known
azurin ligands [29]. These exchange phenomena probably slow
down the copper uptake in an extreme way.
It is interesting to note that copper(I) binding to the folded
rusticyanin ﬁts to a mono-exponential equation (mechanism
1). This would mean that copper(I) is found both in water
and the active center of rusticyanin in similar geometries,
i.e., a strained coordination does not exist in any of these
two systems. In other words, no rearrangements are produced
by copper(I) when entering in the active site cavity of aporus-
ticyanin. On the contrary, a two step process is found by either
copper(I) or copper(II) binding to the unfolded form of rus-
ticyanin. The metal ion probably induces some changes in
the conformation of the unfolded protein.
Fig. 2. Kinetics of rusticyanin copper uptake: (A) copper(II), folded rusticyanin; (B) copper(I), folded rusticyanin; (C) copper(II), unfolded
rusticyanin; and, (D) copper(I), unfolded rusticyanin. In all the cases (specially in panel A), notice the diﬀerence in the time (x-axis) scale. Cu(II)
uptake by the folded form was followed by the change in the absorbance at 590 nm. In the other three systems, the absorption was measured at
260 nm. The conditions were the same as in Fig. 1.
Table 1
Values for the k1 and k2 constants (mechanisms 1 and 2) obtained from the ﬁtting of the kinetics data in the four kinds of experiments performed
Rusticyanin form Oxidation state k1 (s
1) k2 (s
1) Time 90% (s)c
Folded Cu(II)a (6.310 + 0.013) · 103 (6.900 + 0.006) · 104 2470
Cu(I)b 0.2087 + 0.0007 – 10.5
Unfolded Cu(II)a 0.280 + 0.011 1.62 + 0.04 4.17
Cu(I)a 2.37 + 0.03 0.408 + 0.007 2.89
aData were ﬁtted to a bi-exponential equation (y = A1exp(k1t) + A2exp(k2t) + A3, being y and t the normalized absorbance and the time in seconds,
respectively), according to mechanism 2.
bData were ﬁtted to a mono-exponential equation (y = A1exp(k1t) + A2, y and t with the same meaning), according to mechanism 1. v2 values were
higher than 0.999997 for the four ﬁttings.
cCalculated time to complete the 90% of copper uptake by the diﬀerent forms of rusticyanin.
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gether with the fast uptake observed here, makes plausible that
the sequence of eventswere: ﬁrst, the protein folding and; second
(and not necessary in an immediate way), the copper uptake.
The present results can have relevant conclusions for the
mechanism of copper uptake by blue copper proteins
in vivo. Rusticyanin and azurin, as bacterial cupredoxins, are
generated in the cytoplasm and secreted to the periplasm,
where they perform their function. Two diﬀerent pathways
have been proposed for the complete (holo) synthesis and
translocation of proteins to the periplasm: the Sec and the
Tat mechanisms. Proteins that are produced according to the
Sec mechanism are secreted to the periplasm in their unfolded
forms [30], while those that follow the Tat-dependent mecha-
nism fold and take up their cofactors before their secretionto the periplasm [31]. Although up to 90% of the exported pro-
teins are secreted via the Sec-dependent pathway, most of bac-
terial redox proteins follow the Tat mechanism [32].
Free copper(II) is not present in the cell. On the contrary,
the copper(I) pool is high enough to provide copper(I) to
folded metalloproteins by means of the corresponding metallo-
chaperones [22,23]. As previously demonstrated, copper(I)
aﬃnity is thermodynamically favored versus the oxidized ion
[6]. These facts would suggest that synthesis of the active rus-
ticyanin might follow a Tat pathway as copper(I) uptake in the
cytoplasm and formation of a folded protein would be fast en-
ough. However, other data indicate that rusticyanin is deliv-
ered to the periplasm by a Sec-dependent mechanism, as the
N-terminal targeting sequence [25] does not contain the
SRRXFLK sequence that is required for the Tat route [32];
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way, which carries unfolded proteins. Thus, unless cupredox-
ins are exceptional substrates for the Sec system and carry
their cofactor (copper) through it, we must conclude that rus-
ticyanin acquires copper in the periplasm. Our current results
can also be consistent with this mechanism since copper(I)
present (complexed) in the periplasm would be picked up by
the folded protein (with high aﬃnity) in a fast way. But they
are also consistent with the previous results in which copper(II)
would bind to the unfolded protein, although in this case, the
lower aﬃnity of the unfolded protein for the copper ion (in
whatever oxidation state) can make less possible this hypothe-
sis. Similar considerations apply to plastocyanin, a blue copper
protein present in the thylakoid lumen of plants and green al-
gae, that is secreted from the cytosol through a Sec-dependent
mechanism [33].
The situation present here is valid for rusticyanin and, prob-
ably, to azurin and blue copper proteins in general. The same
could also happen in some metalloproteins with single metal
ions as cofactors do not participate in redox processes, as
has been shown in carbonyc anhydrase [34] and calbindin
[35]. However, metalloproteins with more complex cofactors,
such as ferredoxins and cytochromes, bind them previous to
their folding, as has been extensively shown [7,8,11–13]. Ferre-
doxins are secreted to the periplasm via a Tat pathway [31,32]
but cytochromes go via the Sec system [36], thus providing a
parallel to cupredoxins.
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